Previously, we showed that the MI gene (encoding a viral core protein, ,I2, whose function is unknown) was associated with the efficiently myocarditic phenotype of a reovirus variant, 8B. Here, we have extended our genetic analysis of 8B and conducted genetic analyses of two other reovirus strains (TIL [serotype 1 strain Lang] and Abney). Our results demonstrate that multiple viral core proteins are determinants of reovirusinduced myocarditis. In contrast to our previous association of ,u2 with induction of myocarditis, this provides strong evidence that a core function achieved through the interaction of multiple core proteins is responsible for induction of the disease.
Much evidence over the years suggests that a wide range of viruses are a significant cause of human myocarditis (24, 27, 38, 48) . We are studying reovirus-induced murine myocarditis to identify the viral genes that determine the acute disease and to examine the mechanism by which the virus damages cardiac tissue. We have shown that efficiently myocarditic and poorly myocarditic reovirus strains replicate to similar titers in the heart (42, 44) ; thus, differences in myocarditic potential do not simply reflect growth in the heart. In primary cell cultures, the induction of cytopathic effect in cardiac myocytes, but not cardiac fibroblasts, is correlated with induction of myocarditis (3) . Finally, cell-mediated immunity is important in protecting against the acute disease (43), which is consistent with the proposed mechanism for coxsackievirus-induced acute myocarditis (15) , and in contrast to the suggested damaging role for immune components in coxsackievirus-induced chronic myocarditis (for reviews, see references 17 and 35) . Thus, the acute disease most likely reflects a direct cytopathogenic effect of the virus on cardiac myocytes.
Our work has focused on an efficiently myocarditic reovirus isolate, 8B (42, 44) . The efficiently myocarditic isolate 8B is a reassortant virus (i.e., contains a mixture of gene segments from two parent reovirus strains [for a review, see reference 46] ), which was derived from a mouse coinfected with the poorly myocarditic strain serotype 1 strain Lang (TlL) and the nonmyocarditic serotype 3 strain Dearing (T3D) (44, 49) . Previously, we had derived a panel of 31 reassortant viruses from genetic crosses between the efficiently myocarditic strain 8B and nonmyocarditic strains (42) . We had then injected these reassortant viruses (2 x 105 to 2 X 106 PFU) into the left hindlimbs of NIH SW neonatal mice and examined their hearts for the presence of macroscopic external lesions (gross myocarditis) when the mice died or at 14 days postinjection (42) . A Wilcoxon rank sum analysis of the results indicated that the Ml gene (encoding the viral core protein ,u2, of unknown function [34, 47, 50] ) was associated with induction of myocarditis at a highly significant level (P = 0.002), while the L2 gene (encoding the viral guanylyl transferase, X2 [6, 26] ) was implicated at low significance (P = 0.05) (42 (44) . We moved to new mouse facilities and found that both 8B and TlL had increased potentials to induce myocarditis ( Fig. 1) , while T3D continued to be nonmyocarditic even at high doses (Fig. 2) (Fig. 2) . Mann-Whitney analysis implicated two genes: the Ml gene (P = 0.006) and the L2 gene (P = 0.021). Again, chi-square analysis confirmed that these genes did not cosegregate in this panel of reassortant viruses (thus, neither was falsely implicated simply by its cosegregation with the other). In an attempt to detect other genes associated with induction of the disease, we selected only reassortant viruses that contained the TlL-Mi gene or the TlL-Mi and -L2 genes for Mann-Whitney analysis; however, no additional genes were implicated. The 8B-M1, -Li, and -L2 genes were derived from TlL; however, 8B is much more efficiently myocarditic than TiL (44) . We are currently sequencing these genes to identify possible mutations.
In order to determine whether the association of the Mi, Li, and L2 genes with myocarditis could be generalized to other reovirus-induced myocarditides, we initiated a similar study using an unrelated myocarditic reovirus serotype 3 strain, Abney. First, we generated a dose-response curve for Abneyinduced gross myocarditis (Fig. 1) . Abney induced myocarditis efficiently and was therefore suitable for use in a genetic analysis of the disease phenotype.
We derived a panel of 35 reassortant viruses from a genetic cross between the efficiently myocarditic strain Abney and a nonmyocarditic strain G16 (which was consistently nonmyocarditic in the new mouse facility [ Fig. 2]) . We injected these reassortant viruses into neonatal mice at two different doses (2 x 103 and 2 x 106 PFU per mouse, based on the dose-response curve of Abney in the new facility [ Fig. 1 3 . Genetic analysis of Abney-induced myocarditis; frequency of gross myocarditis. Neonatal mice were injected with either 2 X 106 PFU (med dose) or 2 x 103 PFU (low dose), and their hearts were examined and scored as described in the legend to Fig. 1 . Gene segment derivations are as described in the legend to Fig. 2 guanylyl transferase channel (the crl obstruction has been removed by this point). ,u2 may play a role in this process (or in later RNA synthesis) by nature of an arginine-rich motif reminiscent of RNA-binding proteins (5, 21) . Indeed, recent evidence suggests that ,2 is associated with viral RNA synthesis in certain cell lines (29) . None of the four genes was required for induction of the disease, suggesting that it is the interaction between these proteins that determines the disease. Indeed, many individual viruses which lacked the 8B-L1 or -L2 gene (42 and data not shown), the T1L-L2 gene (Fig. 2) , or the Abney-Sl, -Mi, or -Li gene (Fig. 3) were myocarditic. These data suggest that any of a number of gene combinations among the four genes can result in myocarditis. A much larger panel of reassortant viruses would be required to assess the impact of each possible protein-protein interaction on the phenotype (and then one might find evidence of cosegregation of genes). Interestingly, two viruses (AG133 and AG156 [ Fig. 3 ]) contained all three Abney genes (Abney-Sl, -Ml, and -Li) associated with the induction of myocarditis; however, they did not induce the disease. These data suggest either that other reovirus genes are involved in the induction of myocarditis or that AG133 and AG156 have suffered attenuating mutations.
How could these proteins function in the induction of myocarditis? We propose two hypotheses.
First, myocarditic strains may have altered interactions among the four proteins affecting their RNA synthetic functions. We (34, 47, 50) . The Li gene encodes the viral p&Aymerase X3 (10, 45) , the L2 gene encodes the viral guanylyl transferase X2 (6, 26) , and the Si gene encodes the viral attachment protein cri (22) , as well as a second protein whose function is unknown (12, 19, 36) . Electron microscopy (14, 32) and recent cryoelectron microscopy (11, 31, 31a) suggest that the Mi, Li, L2, and Si protein products are found in intimate association at the icosahedral vertices of the virus (Fig. 4) . Electron (2, 13, 23) is partially surrounded by the X2 pentamer and partially exposed (14) . The locations of these proteins are based on cryoelectron microscopic data (see references 11, 31 , and 31a).
dsRNA, double-stranded RNA.
VOL. 68, 1994 on October 20, 2017 by guest http://jvi.asm.org/ Downloaded from of transcription of reovirus genes which affect host cell macromolecular synthesis (25, 28, (39) (40) (41) could profoundly alter host cell metabolism and induce a cytopathic effect (8) . This cytopathic effect would also result in efficient spread through the tissue. The observed specificity for cardiac myocytes compared with cardiac fibroblasts (3) may reflect different sensitivities of these cells to effects of reovirus on macromolecular synthesis.
Second, the interactions among these four proteins may be altered in myocarditic strains, affecting reovirus core stability and induction of interferon. Evidence suggests that the reovirus genome does not fully uncoat during replication (for a review, see reference 37), perhaps to avoid exposure of its double-stranded RNA genome, which is a potent inducer of interferon (for reviews, see references 20 and 37). Some reovirus strains do induce interferon, perhaps because of a leaking of the genome (16) . Myocarditic strains might possess very stable cores and thus induce very little interferon. A low level of interferon induction would result in efficient spread through the infected tissue. The observed differences in the cytopathic effect in cardiac myocytes and cardiac fibroblasts could reflect differences in their induction of and/or sensitivity to (18) interferon.
These data provide new insight into reovirus-induced acute myocarditis, in that multiple viral proteins intimately associated in the viral core are all implicated in induction of the disease. In contrast to our previous association of ,u2 with induction of myocarditis, this provides strong evidence that a core function achieved through the interaction of multiple core proteins is responsible for induction of the disease.
